


1 Introductlon

HgBaZCuOM (Hg-1201) the first member of the. HgBa,Ca,, \CU.05 205 homologous i
series, is one of the most attractive compounds for investigating the relatronshlp between ..
structure and superconductmg propertres among ‘the Cu-based high-T, materlals for several s
reasons. 'I'hrs phase has the s1mplest structure among the Hg-based Cu m.xed oxldes which .
exhrblt superconductrvrty at high temperatur tures’”. Its T, can be easrly varied over a wide .,
range =*from strongly underdoped to overdoped regions (or even a’ hlghly overdoped;,_ )
nonsuperconductrng state) — by different heat treatments The Hg—1201 phase has only one. .
type ‘of (Cu0,) layer and the dependence of T, vs. extra oxygen content (8) or. the in-plane. .
Cu-O1 ‘bond drstance exhibits’ a parabollc -like : behavior. Structu.ral peculrantles that
emba.rrass the preclse structural reﬁnement of other Cu-based superconductors, such as. .
stacking faults, cation 1nterm1xmg, large statlc atomlc dlsplacements etc., are practrcally A
absent mthe Hg-1201 o e e 16

Up to now, a large number of x-ray srngle crystal and neutron powder dlffractron,) :
experiments have been performed on Hg-12017Y. In'g'eneral there is a good agreement.
bet\yeen the reﬁned structural parameters and their varlatlons causcd by changes, in the .-
concentration of the ‘éxtra oxygen located in - the Hg-layer The in-plane Cu-Ol. bond o
distance, as well as the Cu-02 apical one, decreases if & increases due to the increase in the
carrier concentration in the (CuQ,) layer (or the formal copper valence), yvhlle the Hg—02
bond length increases. The average’ ‘Ba-02 rnterlayer distance and Ba-03 separatront
decrease when 6 increases. =

There: are severe drscrepa.nmes, however among dlfferent papers concermng the y
occupancles of the Hg and ‘oxygen sites in the HgO, layer though these parameters ‘ar
extremely - important.*’ for understandmg “the dopmg mechamsm in" Hg-base
superconductors For 1nstance, the parttal replacement of Hg' for Cu, fol‘owed by 'the
insertion of an additional extra oxygen 04 located near the mlddle of the eédge, was’ foun .
in**/; while other authors did not find thts substltutron or the 04’ ‘atoms™"¥. At the same
time, drfferent occupancles of the oxygen srte in the mlddle of the Hg—mesh for optunally o
doped Hg-1201 samples, “were “found 'to range from 0.06” up“to 0. 18", In our recent
neutron - diffraction study ‘of, pure HgBa«,CuOM samples with’ storchlometnc catron
compositions and dlfferent amon contents the 8—value for the optunally doped phase was
found to be 0.12(1)™. i o

It should be noted that, in general the values of the extra oxygen occupa.ncy reﬁned
from' neutron studres ‘were found to"differ’ from those ones deterrmned by 1odometr1c‘t -
titration. For msta.nce, the latter techmque showed’ 8"0 08—0 09 for the: optrmally ‘doped
Hg-1201, assuming ‘the formal’ valences of the atoms t0 be Vp,=Vy=+2 and Vo= —2”” 0
The probable explanatlons of this’ drscrepa.ncy might simply be attnbuted to the presence of
an amorphous Cu-based oxide or metallic Hg in the ‘studied samples whlch decreases the:.,-
concentration of the oxrdrzer However, it could also be due to the more complrcated ot
dopmg mechamsm for the Hg-1201 “structure"Y, compared to the simple. ionic, ,model that .
assumes a doprng of the Cqu conductmg layer by two holes per one mserted extra oxygen; y .
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"To verify the different hypotheses, we decided to exchange the extra oxygen in the"
Hg-1201 structure with extra fluorine atoms. Oxygen and fluorine anions have close

crystallochemical behaviors, while their formal charges differ significantly: -2 and -1,
respectively. Therefore, assuming a simple charge transfer model, we would expect:the
extra fluorine concentration to be twice as high for the fluorinated phase for the same
dopmg level.

It was also con51dered to be mterestrng to determme the dcpendence of T andv

structural parameters vs. extra fluorine content. The optlmal supereonductmg transition

temperature in the Hg-based famrly is very sensitive to variation of the m-plane Cu-Ol
/12

‘bond distances from the first member to the third, as was shown in"?, We assumed that the.

exchange of the extra oxygen by fluorine in the phases with the same dopmg level might

cause a variation in the Cu-O distances. The larger amount of fluorine in companson with
oxygen could result'in an alteratron of the nerghbonng Ba—F and Hg -02 bond drstances ,

" and, finally, of the Cu-O ones. k
Earlier, we. successfully used Xer as a ﬂuonnatmg agent for the synthesrs of the
superconducting oxyﬂuondes SrZCu(O F)y.; 2nd YBa,Cu,O.F,"*', In the present work, we

showed that different amounts of fluorine could be successfully mserted into the reduced V

Hg-1201 phase. This was followed by a variation of T. over a wide range, based on
whether the :sample was in the optimally dopedstate or in the hlghly overdoped
nonsuperconductrng ‘one. "We also determined the dependence of T. vs. fluorine

concentratron “and performed a structural study of the Hg-1201 phases with dlﬁ‘erent . N

ﬂuonne contents

2 Experlmental

Slngle-phase samples of HgBa,CuO,,; were synthesized from a mrxture of Ba,ICuOJ+8

- and HgO according to the procedure described in". The synthesrs was carried out at
800°C for 12 hrs. in evacuated sealed silica tubes placed ina three-temperature gradlent :
furnace under controlled mercury and oxygen partlal pressures The fixed oxygen partial . .
pressure._ of 0.43 bar was created by a mrxture of Co,O4/CoO and . the mercury. partial.

pressure of 4.8 bar was achreved by usmg a Ba,ZCuOM/HgBazCuOM mixture. ; After

annealmg, the sample was slowly cooled to 650°C with a coollng rate of 1. 5°C/m1n and .

. then quenched in water. The, as-p"epared samples were heated at 330°C for 18 hrs.-in a
dynamic vacuum under 107 torr pressure to reduce the HgBazCuOM Thus prepared the
-reduced Hg-1201 sample was ‘monophase and exhrbrted superconductrvrty with T=61 K.

The values of the lattice constants of the Hg-1201 ‘phase were found to be a=3. 8915(5) :

c=9. 529(2) A. The §-value determined by iodometric titration was equal to 0. 01(1)...
) Fluonnatron of the reduced Hg-1201 sample was camed out using Xer as. the
ﬂuonnatmg agent. All operatlons were made in'a glove box in a dried N, atmosphere

“excluding the presence of O,. The 0.4 g of Hg-1201 was mrxed with Xer in molar ratios

from 1:0.1 to 1:1 and ground together in'an agate mortar Syntheses were carried out in Ni-
cruc1bles placed in N, filled and sealed ‘copper. tubes The t1mes and temperatures of
annealmg varied from 15 to 50 hrs. and. ﬁom 150°C to 200°C T

“Phase composrtrons ‘and lattice parameters of the compounds were determined by x-
ray  powder dlffractron using ‘'a FR- 552 focusmg Gurmer—camera (CuKu,-radratlon

germamum mtemal ‘'standard). Raw x-ray data for the crystal structure determination were
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»brown amorphous admrxture was v1sually detected in sample BT 0y

collected .using a STADI/P, dxffractometer (CuK,-radiation, curved Ge monochromator,

_transmission mode scmtlllatlon counter, step 0.02° (20), time per step 40 s, 6°<20<1 00°).¢

i7" " The x-ray: powder structure reﬁnement was camed .out using :the RIETAN-97

'program The Rietveld method w1th a modified pseudo-Voxght profile functlon was_used
vfor ‘the reﬁnement Srnce absorptron leads to a remarkable dlstortlon of the expenmental

intensities, the absorptron factor was included in the final reﬁnement I
.-¢ The neutron diffraction experiment was performed “with the hrgh-resolutron Founer
drﬁ‘ractometer (HRFD) at the IBR-2 pulsed reactor in Dubna. A cylmdncal 5-mm diam, -
Ti-Zr can without coherent scattenng was used to hold the Hg-1201 powder (m~1 g): The
dlffractlon pattems were measured at room temperature The lattlce parameter callbratron

For the coherent scattering length, ‘we ‘used .12. 69 5. 07, 7.718, ’s. 803 and 5.654 fm (1
fin=10"". cm) for. Hg; :Ba, Cu, O, and:F, respectively. - The absorption correction was
calculated using the tabulated absorption and incoherent scattenng cross sections..

The AC susceptibility measurements were performed in the temperature range 12—
100 K at an external field amplltude of 1 Oeand a frequency of 27 Hz. "

The - conditions ' of - the" treatments lattice - constants, and the superconductrng
properties of the initial and six ﬂuormated samples are summanzed in Table 1.

Table 1.F luormanon condmons Tc values and lamce parameters Jor

; LY HgBaZCuO F
N [ . Synthesis conditions * Tmm/ T, K ak. [ A
1T | initial reduced Hg-1201 | -.61761. | 3.8915(5) |=9.529%) | -
2 0.1XeF,, 150°C, 15 h '« +97/97 | 3.8828(4) [=9.523(1) |: : -
3 0.3XeF,, 200°C, 15 h " 97/97 .1 3.8825(3) |::9.510(1). !
4 :0.5XeF,,200°C, 15 h :96/96 |:3.8788(5) .| 9.498(1) |
5| 1 0.4XeE, 200°C, 20h | 90/80 | 3.8742(3) |- 9.493(2) .
6 0.3XeF,, 200°C,30h _ ° . 88/80 | 3.8721(5) 9.482(2)
7 1XeF,,200°C;50h = 18/ =" '3.8679(7) 9.459(2)
3‘. ResultSﬁ *.f‘;,{e“,; [T
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The x-ray diffraction patterns of samples #2—4 and #6 contain only the reflections of

the Hg-1201 phase Traces of BaCuO, (less | than 2% of the intensity of the strongest peak

in comparison.with the main; phase) : were: detected only in_sample #5 Desplte of the -
absence of’ addltronal reﬂectrons in’ the x-ray drﬁ‘ractron pattem, some amount of yellow—

.An increase in. the amount of XeF,'in’ the reacting mrxture or mcreasmg the t1me of

Uﬂuonnatron resulted ina subsequent decrease in.both the a and ¢ lattice parameters Since

the decrease in the,’ a. parameter (whrch is equal to the doubled 1n-plane Cu-O1 'bond
dlstance) occurs due to the i 1ncrease in the Cu formal valence and, consequently. the, value
of  in the HgBa,CuO,F; samples one can conclude that the ﬂuonne ccontent suecesswely
1ncreases from sample # #2 to sample #7 ' '




The probable side reaction during a fluorination may be a partlal replacement of the
other oxygen atoms (namely, Ol and 02) by fluorine ones. In this case the released oxygen
should be adsorbed by an 1ntemal ‘surface of copper tubes producmg Cu20 However we
‘have never detected any traces of this oxide after heat treatments Moreover the varratrons
‘of Cu-O bond lengths vs. extra anion content (see below) g1ve us an mdrrect argument that
the ﬂuonne is located only in the Hg plane.”

~All fluorinated samples_exhibited ‘a”bulk’ superconductrvrty ‘with relatlvely hrgh
«dramagnetlc volume fractions, except sample #7. The temperature dependenc1es of the AC
‘magnetic susceptrbrlrty for samples #1-7 are shown in Fig.1. Sample #1 demonstrated a
‘very 'small superconductmg volume fraction that corresponds to a value not h1gher than 3%
‘of the perfect diamagnetism. Ta.krng this fact i 1nto account we concluded that thrs sample is
'actually the hrghly overdoped nonsuperconductmg one.
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F ig.1. AC magnetzc susceptibility for samples #1-7 as a ﬁmctton of temperature

Samples # and #3 exhibited the highest T=97 K, whlch is exactly the same as for
the optlma.lly oxygenated Hg-1201 samples and the transmons were- sharp and well
defined. ‘Samples #4-6 exhibited broad superconducting’ transrtlons, probably due to an
* inhomogeneous distribution of the ﬂuonne as a result of low fluorination temperatures and
short annealing times. This problem made it difficult to determine the exact value of T
The' T, ..y values'can’ be cestimated ‘as 96, 90, and 88 K- for ‘samples #4; #5; and #6,
respectrvely Taking into account these values, we can conclude that for samples #2-7,

T onset decreases concomrtantly with the decrease in the a-parameter and consequently, the

mcrease in ﬂuonne content due to overdopmg
. One can assume that the T, ., values for samples #5 and #6 (90 and 88 K) cannot be
used as the characteristic transition temperatures due to the very weak diamagnetic signals

on their x(T) curves down to 80 K. ‘Therefore, we believe that the more rea.llstxc transmon .
temperatures for these samples were not higher than 80 K.. - a

. The structure reﬁnement was performed for the optxrna.lly doped sample #3 and for
the overdoped sample #5 using the neutron powder diffraction data. The initial parameters- :
for the reﬁnement camed out in the P4/mmm space group were chosen as those obtained =
for the oxygenated Hg-1201 sa.mples’“’ ‘To avoid . a correlation between:occupation ‘and -
thermal factors, the refinements were carried out with fixed thermal parameters for the Ba,
Cu, O, and F. atoms. These values were chosen at.a reasonable 1evel accordmg to our
previous neutron diffraction study of oxygenated Hg-1201. . 5

The refinement of the 1sotrop1c temperature factor for Hg atoms assummg full
occupancy of this site, resulted in B(Hg) values close to 1 A” for both samples. The
refinement of the occupancy of the mercury posmon with- B(Hg)=1 A? gave the value
n(Hg)=0.99(1), whlch corresponds to the storchrometnc catlon composmon of the studred
scattenng densrty maps for some planes of the unit cell. The difference scattenng ‘density
map for the basal plane is shown in Fig.2. This map _ revea.led an extra anion only in the
middle of the mesh (1/2,1/2,0). The amplitude of i its peak is more than 3 trmes higher than -
the most intensive background maxima; no anion near the middle of the edge was found.
Therefore, we:can conclude that the fluorinated Hg—1201 samples- have a sto1chlometr1c :
cation composrtron w1th only one site for the oxrdlzmg exira anion.:, * = Co

3

|\ Fig2.‘The scattering-density map for. the
-+ | - basal plane of sample #3 caleulated with the
" structure. factors (Fexpt™ = Féal () ;'The

ﬂuorme atom - was. exclufz'ea ﬁ-om ‘the .
calculatwn of F, calc
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The content of the resrdual extra oxygen in the rmi.lal reduced Hg-1201 sample

;‘61 K) was small (about 0. 01(1) from 1odometr1c data). It should also be mentioned that -

a 3-value equal to 0. 057(10) was found by our neutron dlfﬁ'actlon study of the reduced Hg- o
1201 phase wrth a higher; T, —71 K’“’ Therefore we can conclude that the extra oxygen
content of the mltral reduced phase used in the present study was deﬁmtely not higher than - ;
0.05. Since thrs value i is close to the standard deviation of the occupancy parameter of the: .
extra -anion *site, ;one “can. conclude that the anion -site - in :the. Hg-layer is occupled
predommantly by ﬂuorme atoms Moreover, the neutron coherent scattering lengths .of . ;

oxygen and fluorine atoms are very close whrch is why only ﬂuorme atoms were placed in: -

the (1/2,172 ,0) posrtron. et i :
The occupancy of the ﬂuorme posrtron was reﬁned w1th a ﬁxed therma.l pammeter of
1 A% The values of n(F)=0.24(2) and n(F)=0.32(2) were obtained for samples:#3 and #5,

" difference of the 'expc""imental and calculated



respectlvely The reﬁnement w1th fixed B(F) which varied between 0.5 and 1.5 A’ led to

changes in n(F) well inside the standard deviation limit. Thevariation of B(02) (other
parameters do not correlate well with n(F)) also does not have a strong influence on the

fluorine occupancies: it changes from 0.26(2) to.0. 23(2) for sample #3 and from 0. 35(2) to

-0.31(2) for sample #5 if B(O2) is equal to 1.0 A or 2.0 A, respectively. Thus, the n(F) "

values are significantly larger than the values.of 0. 124(9) and 0 19(1) obtamed for the
oxygenated Hg-1201 samples with close T, values.: R
The results of this refinement are presented in Table II together with the relevant

bond distances. The experimental, calculated and difference neutron dlffractlon patterns

o

for sample #3 are shown in Fig.3.
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Fig.3. Neutron-diffraction pattern of HgBa,CuO,F,,, (sample #3) measured at room
temperature. Experimental points, calculated profile, and difference curve are shown. The
difference curve is normalized on the mean-square deviation. ~

~“The crystal structure of the Hg-1201 phase’ (sample #4) was reﬁned from the x-ray ]

powder data. The accuracy of the determination of the 'z coordmate for the apical oxygen
atom O2 and the occupancy of the ﬂuorme position from this data is sxgmﬁca.ntly lower in

comparison with the neutron diffraction data; but oné can obtain reliable parameters for the
heavy cations. The refinement of the temperature factors was carried out mdependently in’

‘an isotropic approximation for the Hg, Ba and Cu atoms, while the anions were refined

with a common temperature factor. The temperature factor for the Hg atoms'was found to -
be quite large ~ 1.49(7) A% The refinement of the occupancy of this 'site (with fixed .
B(Hg)=1 A?) did not reveal any noticeable Hg-deficiency ‘- n(Hg)=0.990(5) '~ and
subsequent refinements were carried out with a fixed unit occupa.ncy ‘of ‘the” mercury‘ ‘

position. The fluorine content was roughly estimated from the x-ray powder reﬁ_nement to
be 0.3 at fixed B(F)=1 A2 These results are also presented in Table II. A comparison of the

~

. bond d1stances

- o st T oo BEpEm e ,,,‘.j_/‘\ poneslt

results obtamed by x-ray and neutron dtffractton for samples #3 5 shows a good agreement
between ‘them, mcludmg the coordmates, and consequently, the vanatxon of the relevant

Table 2 Structural parameters and relevant interatomic. dtstances for HgBaZCuO F5
phases. refined from neutron (samples #3 and #5) and x-ray powder ‘data’ (sample #).;
Parameters without errors were fixed in'the fi nal refinement. The: commonly used crtterta'
Jor the qualtty of the ref nement are given: Ry is the R-factor for integrated intensities; R,

R, and R, are profile,; weighted, and expected from stattsttcs R factors respecttvely (the'
R factor has no sense for HRFD data) R LT L

;Sample#3 (Tc=97K) Sample#4('l"—96K) Sample#S (T~80K) "
a5 3.8808(1) . r3.87628(5) - - - 3.8734(1): . |°
G AT oo - 9.5107(4) - 9.4939(4)-::“ - 9.4895(5) - |-
GOV AT 14324 142,65 1423750
I ,Hg,'n o [EEEEEE e : s s R R B
BHp), A% |c T T 149y ] A
Ba,z . 0.2979(4) 0.2955(1) 170.29398)

~B(Ba), AT [ 05 ¢ - 0.66(6) - [ 705

“B(Cu), A2 7|05 RO

"BO1), AT [ 10 “0.9(3) . ‘ .o - 1.

-2z 0. 2109(4) © 021001y © 0.2119(4) ",

- B(02), AT R 7093) . lso

SR 02402) 03 0320 .

- B(F), A2 = U100 ~0.9(3) -7 T W e
R=0.090" . :f ~ . R=0.026.. .~|. ... R=0.10..-.
+=0.74 R =0.050 =110 . |n
R,=0.042 R,=0.064 R,=0.050 .
R_=0.091 =0.050 R.=0.092

Cu-02, & 2 2750(4) o 2.75(1) 2.734(4)
Hg-02, & 2.006(4) o, 1.99(1) < 2.011(4)
Cu-O1, 4 . 1.9404(1) -, «- © 1.9381(1) . .. . 1.9367(1)

Ba-F, A 2.833(4) - 2.805(1) .. 2.789(5) ,
Ba-Ol, A 2.731(3) i 2.7433(7) 2.75203) g
Ba-02, A | 2866(2)+: 2.859(3)

T 4' Discussion

2.847(2)

Fluorlnatlon of the reduced Hg 1201 phase wuh T, ~6l l\ s1gn1ﬁca.ntly changes the
superconductmg transition. temperature and structure” parameters ‘of this compound.,’ The~
fluorination results in:a successive* ‘decrease in the’ lattice | parameters while the T, first
increases up to 97 K, but, at larger concentrattons of the inserted fluorine, decreases and



then even suppresses the superconductivity due to overdoping. Thls behavior, as well as

.- the optrmal T, values, is very.close to that of the oxygenated Hg—l201 superconductor..

However, in the latter case, the nonsuperconducting overdoped state was obtained only by
high pressure, high temperature synthesis"”, while fluorination allows one’ to ‘obtain
overdoped samples using conventional encapsulation synthesis at low temperature This
difference is due to the distinct oxidizing activities of oxygen and"XeF,. The latter can be
successfully used for oxidation of Cu-based materials; especially in overdoped regions.”

Our previous investigation of oxygenated Hg-1201. phases and our present- research
of fluorinated materials were carried out using Hg-1201 samples: prepared by- the ‘same
synthe51s technique and characterized by the same NPD' facrhty A comparison’ of these
results shows their similarity, including the structural arrangement of the HgO; layers: a
stoichiometric mercury content with only one 1nterst1t1al anion position in the middle of the

mesh. However, ‘the refined values of the occupancy factor of the extra anion position for

the samples ‘with similar’ T (97 X for the optimally doped sa.mples and about 80 K for the
overdoped ones) were found to’ be’ approx1mately two times: larger for the ﬂuonnated

samples than for the oxygenated ones: 0.24(2), 0.32(2) and 0. 12(1) 0.19(1), respect1vely ;

The presence of residual’ oxygen 'in the fluorinated 'samples (8,<0.05), which cannot be

dlstmgu1shed by neutron dlffractlon from the ﬂuorme atoms, ca.nnot s1gn1ﬁcantly cha.nge»

the refined occupancies. . -
\--~Figure: 4 ‘shows ‘the " dependence of the T, values \L extra ‘oxygen or “fluorine

concen.ratlon For the fluorinated series, we also used the initial non-fluorinated sample as
the first pornt -It can obv1ously be seen that in both cases, there are parabolic-shaped curves

that are shlﬁed away- from each other along the 8 axis. One can; conclude that fluorine

indeed. oxidizes (like oxygen) the (Cu02) layers in the- Hg-1201 structure followed bya -
change in T, | but the amount of inserted fluorine i is approx1mately twice that of oxygen'to

achieve the same T,-values and, consequently, the same doping level: Takmg into account

" the different formal. valences of these anions (=1 and -2, respectively), we conclude’ that '

_inserted extra oxygen. creates the twice as many-holes as- fluorine. This fact supports the

simple ionic model of Hg-1201 dopmg 2 holes per inserted’ oxygen and 1 hole per inserted -

fluorine.
10 e’
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e ] th4 The behavzor of T, vs. extra
SRS R fluorine .oxygen or ﬂuorme concemratzon The
%o ‘ lines are drawn for convenience. '
80 ] :
e The a.mount of 1nserted ﬂuonne B
70 ] ] however, was found to be significantly
larger. than could be expected for the
optlmally .doped phase,” assuming an

optimal formal copper valence equal to
+2.15 — +2:18 (8¢ should be ‘equal to

O ; V= V=
"000 005 0]0 015 020 025 030 035 040" 0.15-0.18 instead of 0.24 if V;, = Vy,

Extm oxygen 1 ﬂuonne content o )

+2, Vo =:=2 and: V; = —1)." This
.. discrepancy should * be even more

pronounced if we take into .consideration the residual oxygen atoms. For’'a more accurate*

calculatlon of the total hole number p» one can use the relation p=n+ng, where n'is the total -

occupancy of the (1/2 1/2,0) position obtained in the refinement, arid n, is the extra oxygen
content in the 1n1t1ally reduced sample (ny~0.01-0.02). Therefore, we can conclude that the
dop1ng mechamsm .in’ the Hg-1201". superconductor is* more. complex 'than’a" simple

ox1datlon of the (Cqu) layers by an inserted fluorine or oxygen. They can oxidize not only

the (Cu02) layers but, also,” possibly, the HgO,  “dumbbell” .as. well.. The" carrier

concentratlon in the conductlng band isa result of the dehcate charge balance a.mong these .

fragments

Earlier, the exrstence of an unusua.l 0x1dat10n state +3 was proposed for the Hg-V‘

cations.in the Hg-1201 structure based on x-ray.photoelectron spectroscopy data¥, while
another group did not find any evidence of this oxidation state for Hg in the mixed Bi, Hg

cuprates’l9l These controversral observations, as well as. the . discrepanci¢s - with - the !
1odometnc analyses (whrch deterrmnes the total oxidizer concentration in the sa.mple but,

not in a single phase), require that this problem be investigated further.

Another important conclusion can be made if we plot the dependence of T vs. the a-

parameter (the doubled in-plane Cu-O1:bond length) for- the oxygenated and fluorinated .

samples (Fig.5). For this graph, the values of the a-parameter were taken onlv from the x- .

ray data that was treated in a similar way to exclude possible systematic errors. All data -
points can be fitted by one pa.rabolrc-lxke functron with a ma.\mlum around 97 K at'a’=

3.882 A.

o Itis well known that the 1n-plane Cu-Ol d1stance depends on the formal Cu valence
An increase in the latter leads to.a shortening of this distance. One can speculate that the *

samples with close values of both T, and the a-parameter also-have close formal copper
valences. This is in a good agreement with the dlfferent concentrations of exira oxygen and
fluorine (8+28,) found by NPD,' taking. into “account _their differert . formal - charges.
Therefore, the exchange of an extra oxygen by the twice amount of fluorine in the Hg-1201.
structure does not change the:in-plane.Cu-O1 bond. length or, obviously, the formal Cu
valence for the: optunally dopcd samples whlch exhibit the same.T,:values. This fact
supports the conclusion that this distance and the carrier concentratron (VC,) are. cruc1alf
parameters determining the magmtude of T.. ‘ SRR L
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703 v ini.t. Variation ‘of .the apical. Cu-02" bond
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. o “+- when ' 8~28, ‘however, is well-pronounced -
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- - "-“f ottt 1ncorporat10n ‘of :- either extra oxvgen or

compressxon of all dlstances in the CuO6 octahedron The in-plane Cu-O1 distance depends

2 fluorine into the'Hg-1201 structure causes'a s



~on a hole concentration equal 23 for the extra oxygen a.nd 5 for fluorine. The varratlon of
“"the apical Cu-02: distance does not ‘appear to depend ‘on the formal’ valence of the extra'
" anion, but, instead, it is determined by.the total concentmtron of the extra ‘anion in the Hg-
layer. Figure’ 6 (leﬁ) shows practrcally a linear dependence of the ap1ca1 Cu-02 distance vs!
5 (oxygen or fluorine). An increase in the amount of the extra anion in the Hg—layer results"
in a compression of the apical Cu-02 distance. These distances differ srgmﬁcantly between
the fluorinated and oxygenated Hg-lZOl phases w1th close T. and in-plane Cu-O1 bond
lengths. For instance, the difference between these distances in the phases with T=97 K is
about 0.04 ‘A, which is much larger than the standard devratron and the drfference between
“the c-parameters R e
-.: The origin of tlns unusual phenomenon may be explamed if we also take into acount
the variation of the apical Hg-O2 bond distance. This bond length in the’ ﬂuormated Hg-
1201 phases is significantly larger in companson with that i in the oxygenated eompounds :
(Fig.6, right), where this distance varies from 1.963°4 (5=0, 057) up to°1.990 A (8—0 19) "
due to the shift of the 02 atoms towards the more oxrdrzed Cu catrons e o
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It is known that the aprcal Hg-02 bond is a very' strong ‘covalent bond and even
under high pressure, this distance does not decrease significantly: 1.980(4) A and
1.973(19) A at ambient conditions and under 5.07 GPa, respectlvely”"’ Therefore, the more
probable origin of the elongation of the Hg-02 distanceis not only a variation of the
formal Cu valence, but also the interaction between Hg and the extra anions (even located
far from the Hg atom). An increase in the coofdination number of Hg by the inserted extra
anions is accompanied by a shift of the 02 atoms away from the Hg cations towards the Cu
atoms, thus elongating the Hg-02 distance and shortemng the Cu-O2 one. We can
conclude that the exchange of extra oxygen for double the amount of fluorine causes a
variation of the apical Cu-O2 distances, predomlnantly, while the in-plane dlstance and T,
remain _ the »same. : This transformation ..can- be formally eonsrdered as amsotroplc
compression (along the ¢ axis) of the’ CuO; octahedron.

_ Our observation that the apical distances in Hg-1201 depend smoothly on the number
of anions in the Hg-plane rather than on their charge can provrde a new explanatron of the
well-known fact that the T, of Hg-bearing superconductors increases significantly under

- high pressure, as 1t was found in Refs M2 A number of studles have’ found that the Cu-02

5

dlstance is very sensitive to external pressure’m'23 2 and its drastlc eompressron may be: i

responsible for the T, variation. The compressrbrlrty of the Cu-O bonds in the oxygenated

Hg-1201 structure studled under hrgh pressure up to 5.07 GPa, was found to be equal to".F

3.3-10% GPa' and 7.6- 102 GPa’ for the_in-plane :Cu-Ol . and: apical - Cu-O2 : bonds;

respectrvely”"' Compressron of the aplcal Cu-02 bonds in the fluorinated Hg-1201 phases -
can.be consrdered to be equlvalent to an apphcatron of approximately-2 GPa of uniaxial -:.
pressure along the ¢ axis. The T, of the optlmally doped Hg-1201 phase was found to be.

enhanced under high pressure with dT/dP = 2 K/GPa?". However, our study showed no
difference in T, for the fluorinated or oxygenated optimally-doped Hg-1201 compounds.
The uniaxial pressure experiments performed on a crystal of YBaZCu,O also showed
no variation of T, when pressure was applied along the ¢ axis to provide for compression of
the apical Cu-O2 bond dlstancesm" These results agree with our observations and support

the conclusion that compression ‘of the m-plane Cu-01 dlsta.nces is the most probable .

origin of an enhancement of T, under pressure 1n the Hg-based superconductmg Cu mlxed
ox1des B E

5. Conclusions

A successful - fluorination of the reduced Hg-1201 phase with-T.=61 K was carried
out with XeF,. It led to'a wide’ range of superconducting compositions directly’ connected
with the different fluorine content in the basal plane of the structure.-This fact was proved

by neutron diffraction data which showed the inserted fluorine atoms only in the middle of - *

the ‘mesh (1/2, 12 ,0). The maximum T, values for oxygenated and fluorinated Hg-1201

samples are exactly the same, ~97 K, while the amount of an inserted fluorine is twice that .

of oxygen, 0.24 and 0.12; respectively. (we use the last number according to our recently

published data™): It supports an_ionic. model of the hole doping in Hg-1201 by an inserted .~
extra anions in the Hg layer: the hole number, p, is equal to 25 for oxygen a.nd to 18 for'

fluorine, if § is the number of extra anions in the Hg-plane. .. :.{ ~vnv : Sy
That model is presently under discussion, especially:after papers

relation p~8 was deduced for oxygenated Hg-1201-samples on the basis: of TEP and. TGA

measurements, NPD experiment, and bond valence sum (BVS) calculations. In:a recent

paper”¥, however, it,was pointed out; that BVS rules are meaningless-for a:system with

considerable numbers -of defects_and drsorder, such: ras‘doped . superconductors It seems,
also, that the new data reported in Ref.?” can -explain the considerable difference between
TGA and NPD data on the amount of excess oxygen in Hg-1201 samples ‘though the

authors of that paper also wrote about the reduced doping efficiency of oxygen in Hg-1201. _ &

Our data show also that the amount of an inserted extra oxygen: (6=0.12) or: fluorine

(8=0.24) for the optimally doped Hg -1201,is larger than those values calculated from:the : :

simple ionic model when V,=V,;,= +2, V,=-2 and V=-1 and assuming an optimal V¢~

+2.16. Therefore one can speculate that the created holes in the Hg-1201" structure can be _:
distributed between the conducting (Cqu) layers and the-other; structural. units: like the ==

HgO, “dumbbell”. However, this hypothesis can not explam the drscrepancy between NPD

and iodometric analysis, and this problem : should be investigated further. .. .~ 15 50
Another important eonclusron Wl’llCh can be deduced from the presented data is that :

the apical distance Cu-02, as well as mterlayer Ba-02 distance, depends strongly on the

d”’ where the #



number of the dopant atoms rather than on their charge. ThlS is conﬁrmed by the smooth
dependence of these distances'on & (oxygen or fluorine). ' "

.. Finally, we want to stress once more that our results prov1de new arguments for the
1mportance of the in-plane Cu-O1 distance for the superconductmg properties of Hg—1201 o

It is considered that the apical bond’is the” parameter responsrble for the charge balance
betvir=en the reservoir and the conductlng plane. But ¢ur observatlons. togethe.’ with high

pressure re:suit_s,, :hOW ihat the siructural nature 5f T vanatlon in Hg-1201 can be mamly '

du uE to the compressron of the ln-plane Cu -0 bond drstances
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